Resonance-decay spectroscopy is used to study particle-unbound excited states produced in interactions of E/A = 10.7 MeV 10 C on Be and C targets. After inelastic scattering, structures associated with excited states in 10 C were observed at 5. 22, 5.29, 6.55, 6.56, 6.57, and 8.4 MeV which decay into the 2p + 2α final state. This final state is created via a number of different decay paths, which include prompt and sequential two-proton decay to the ground state of 8 Be, α decay to 6 Be g.s. , and proton decay to the 2.345-MeV state of 9 B. For the sequential two-proton decay states (5.22 and 6.55 MeV), angular correlations between the first two decay axes indicate that the spin of these states are nonzero. For the prompt two-proton decay of the 5.29-MeV state, the three-body correlations between the two protons and the core are intermediate between those measured for ground-state 6 Be and 45 Fe decays. The 6.55-and 6.57-MeV structures are most probably associated with the same level, which has a 14% two-proton decay branch with a strong "diproton" character and a 86% sequential two-proton decay branch. Correlations between the fragments following the three-body decay of the 2. 
I. INTRODUCTION
For experiments performed with poor quality secondary beams, resonance-decay spectroscopy provides a method for studying the levels of exotic nuclei that particle decay [1] [2] [3] [4] . This method involves the detection of all the decay products, and the excitation energy is determined from their invariant mass. The excitation-energy resolution is dependent on the decay channel and the angle and velocity of the decaying fragment, but otherwise it is independent of how the fragment was created. The resolution is limited by the target thickness and the angular and energy resolving powers of the detector array and is often estimated from Monte Carlo simulations.
In this work we will discuss results obtained with resonance-decay spectroscopy using a 10 C beam. Particular attention will be focused on 10 C excited states for which the level scheme is poorly known. Above 3.726 MeV, the excited states of 10 C are particle unbound. Below 15 MeV, where the 3 He + 7 Be decay channel opens, all particle-unbound levels eventually decay into the 2p + 2α final state, as all possible intermediate states are also particle unstable.
Apart from 10 C levels, many other states in other nearby nuclei were observed. Of these, we will report on data for the 10 B and 13 N states for which new information was obtained. Excited states with cluster structures are of particular interest. Such states often appear as narrow levels just above the cluster breakup threshold [5] . For two, three, or more α clusters, many configurations have been predicted with the excess neutrons occupying molecular-like orbits [6] . While theoretical studies have focused more on the neutron-rich isotopes, in practice experimental resonance-decay spectroscopy is easier for the proton-rich mirror states, as protons are easy to detect with excellent energy and angular resolution. Cluster structure has been studied both experimentally and theoretically in the mirror nuclei 10 Be and 13 C of 10 C and 13 N [6] , respectively.
Previously we reported evidence for prompt two-proton decay of 10 C excited states [7] . Prompt decay occurs when the two protons are emitted simultaneously. This must be differentiated from sequential decay, which refers to a timeordered process where after the emission of the first proton there exists a long-lived 9 B intermediate state. For example, assuming this intermediate is the ground state ( = 0.5 keV), then it will not decay until the proton emitted in the initial step is of the order of 10 4 fm away. Thus for two-proton decay, the 9 B g.s. lifetime of 1.2 × 10 −18 s is considered long, and the two proton-emission steps will be uncorrelated apart from constraints due to conservation laws. For a sequential decay through a 9 B excited state of ∼ 1 MeV (lifetime ∼10 −21 s), the first proton travels only on the order of the 10 C diameter before the second proton is emitted. In this case, time ordering becomes unclear, and the presence of the first proton can influence the subsequent proton decay of 9 B. Thus the concept of sequential decay breaks down if the lifetime of the intermediate state is too short; there is not a sharp boundary between sequential and prompt decay processes, and one merges with the other as the time scales change.
In this work, we have repeated our original 10 C experiment and obtained a significantly larger number of events for prompt two-proton decay thus confirming our original results. The three-body decay of 6 Be g.s. and the 2.345-MeV state of 9 B were also observed in this experiment. The results for 6 Be g.s. and a comparison with the predictions of a three-body cluster model have been presented elsewhere [8, 9] . The results for 9 B are presented in this work.
The experimental method is briefly described in Sec. II, and results for 10 C, 10 B, and 13 N are presented in Sec. III. Finally, the conclusions are listed in Sec. IV. Some aspects of this work have been published in rapid form [10] .
II. EXPERIMENTAL METHOD
The Texas A&M University K500 cyclotron facility was used to produce a 200-pnA beam of 10 B at E/A = 15.0 MeV. This primary beam impinged on a hydrogen gas cell held at a pressure of 2 atm and kept at liquid-nitrogen temperature. A secondary beam of E/A = 10.7 MeV 10 C was produced through the 10 B(p, n) 10 C reaction and separated from other reaction products using the momentum achromat recoil spectrometer (MARS) [11] . This secondary beam, with intensity of 2 × 10 5 s −1 , purity of 99.5%, an energy spread of 3%, and a spot size of 3.5 × 3.5 mm, interacted with either a 14.1-mg/cm 2 Be or a 13.4-mg/cm 2 C target. The reaction products were detected in an array of four Si E-E telescopes located in a plane 14 cm downstream of the target. The telescopes, part of the High Resolution Array (HiRA) [12] , consisted of a 65-µm-thick, single-sided Si-strip E detector followed by a 1.5-mm-thick, double-sided Si strip E detector. All Si detectors were 6.4 × 6.4 cm in area with their position-sensitive faces divided into 32 strips. The telescopes were positioned in a square arrangement, with each telescope offset from its neighbor to produce a small, central, square hole through which the unscattered beam passed. This detector arrangement covered from θ = 1.3
• to 7.7
• . More details of the experimental arrangement can be found in Ref. [10] .
The number of 10 C particles incident on the Be and C targets was determined indirectly by measuring the intensity of the primary 10 B beam in a Faraday cup after the gas cell and normalizing the yield, at low beam intensity, by directly counting the 10 C particles with a detector located in the target position.
III. RESULTS
Evidence for particle-unbound excited states can be found from the correlations between the decay products. The excitation energy is reconstructed from the kinetic energies of these fragments in their center-of-mass frame after the decay Q value is subtracted. We present in the following, excitation-energy distributions obtained from pairs, triplets, and quadruplets of particles detected in coincidence. Peaks observed in these distributions will be compared with the compiled levels in Refs. [13, 14] . In some cases, new levels are observed. Table I lists the properties of states for which new information is determined. Excitation-energy spectra presented in this work are associated with the combined data from both the Be and C targets unless otherwise specified.
Monte Carlo simulations were performed to estimate the experimental excitation-energy resolution and the detection efficiency. These include the effect of the beam-spot size, energy loss [15] , and small-angle scattering in the target [16] , and the angular and energy resolution of the detector array. These simulations are discussed in more detail in Ref. [7] , where they are shown to be accurate for a number of known narrow levels. These results are used to extract the experimental widths and cross sections for the new levels reported in this work. The predicted excitation-energy c Some of the yields of these levels are associated with water contamination of the C target. We estimate that these cross sections should be reduced by roughly 20% to account for this. resolution is channel dependent and increases with excitation energy. The resolution is dependent on target thickness, and the relative thicknesses of the Be and C targets were chosen to give the same predicted resolutions. For example, in the sequential two-proton decay of 10 A.
C decay
Below 15 MeV of excitation energy, the particle decay of 10 C excited states leads to the 2p + 2α final state. As this is the only possible final state, it does not necessarily have strong selectivity for cluster structure. However, strong cluster structure in this nucleus is expected based on the mirror nucleus 10 Be [6] . The energy levels of the mirror nuclei are displayed in Fig. 1 . The first excited 0 + and 1 − states of 10 Be are proposed as bandheads for molecular configurations [17] , and their mirror states in 10 C are particle unstable.
Excited states
Several decay paths leading to the 2p + 2α channel can be isolated by selecting intermediate states populated in the decay of the excited 10 C nucleus [7, 10] . Excitation-energy distributions for subsets of the 2p + 2α events are shown in Fig. 2 . Narrow peaks are observed in Figs. 2(a) and 2(b) corresponding to the ground states of 8 Be and 9 B from 2α and p + 2α correlations, respectively. For the latter case, there are two ways of choosing the proton from the 2p + 2α event, and we have selected the one that gives the lowest 9 B excitation energy. Both of the 8 Be and 9 B peaks sit on negligible backgrounds and thus provide clean gates for the presence of these intermediate fragments.
The 10 C excitation-energy spectrum obtained by requiring an identified 9 B g.s. intermediate is displayed in Fig. 3(a) . Results are shown for both the Be (curves) and C (data points) targets, and the Be results have been normalized to the same product of beam particles and target atoms per unit area. The results for the two targets are very similar showing two peaks at 5.22 and 6.55 MeV with the same yields. The widths of these peaks and other peaks of interest observed in this work are listed in Table I and were obtained from The broad peak at ∼8.5 MeV in Fig. 3 (b) obtained with the C target has been traced to interactions with hydrogen target nuclei from a water contamination of this target. A surprising number of 3p + 2α events were detected with total energy and momentum consistent with interactions on hydrogen nuclei. If only two of the three protons from such events are detected, then these events will contaminate the 2p + 2α channel. The contributions from this water contamination to the 2p + 2α excitation-energy distributions were estimated by randomly throwing one of the three detected protons away and analyzing it as a 2p + 2α event. The distribution obtained from these events with the same gating condition as in Fig. 3(b) is displayed in Fig. 3(c) . This distribution also has a broad peak near E * = 8.5 MeV, which suggests that these events are also the source of this feature in Fig. 3(b) . In addition, there is some evidence for peaks at ∼5.29 and ∼6.57 MeV corresponding to the 10 C excited states observed in Fig. 3(b) . Thus it appears that a fraction of the yield of these states is associated with interactions with hydrogen target nuclei. The cross sections σ C in Table I have not been corrected for this effect, but we estimate that roughly 20% of the yields of these peaks are associated with the water contamination.
The peaks near E * ∼ 6.56 MeV in Figs. 3(a) and 3(b) probably correspond to the same state. The peak centroids and widths are consistent within the statistical errors (see Table I ). Also, the relative yields of the two peaks are independent of which target was used.
Other decays that bypass the 8 Fig. 4 . The excitation-energy spectrum for α- 6 Be g.s. decay is plotted in Fig. 3 (d), and shows an asymmetric peak for both targets at E * = 6.56 ± 0.02 MeV. This asymmetry may imply that this peak is a doublet, although the uncertain nature of the background makes the decomposition of such a doublet difficult. We list the width of the peak in Table I as <380 keV, where 380 keV is the width of the asymmetric peak with corrections for the resolution. If this peak is a doublet, then from the rising edge we estimate < 200 keV for the main component. Also listed are limits for the cross section calculated by including the high-energy tails. The mean energy of this peak is consistent within the statistical error with those observed near E * ∼ 6.56 MeV in Figs. 3(a) and 3(b). However, it seems that this peak is distinct from these in that there is a sizable dependence of the yield on the target in Fig. 3(d) .
Based on the mirror nucleus 10 Be, we expect only two levels in the energy region around E * = 6.5 MeV: a 2 + and a 3 − state ( Fig. 1 ). As we observed three peaks, it seems likely that at least two of them must be the separate decay branches of the same level. This suggests that a different nuclear structure is probed by the α + 6 Be decay compared to decays to the 8 Be ground state, and that the peaks in Figs. 3(a) and 3(b) represent different decays of the same level, with branching ratios of 86 ± 3% for sequential proton decay, and 14 ± 3% for prompt two-proton decay.
Correlations for sequential two-proton decay
Further understanding of the structure of the observed states requires spin assignments. However, the spread in the beam energy was too large to isolate target excited states, making it difficult to deduce spin information from two-body scattering data. For the two levels that undergo sequential two-proton decay through the 9 B g.s. intermediate state, the distribution of relative angles θ pp between the 10 C → p + 9 B g.s. and the 9 B g.s. → p + 8 Be g.s. decay axes gives some information on the spins of these levels [18, 19] . The experimental angular correlation for the 5.22-MeV state is shown as the data points in all panels of Fig. 5 . Predicted correlations for assumed initial spins of J = 0-3 are displayed by the curves. These curves were obtained assuming a pure value for j , the total angular momentum removed by the proton in the first decay. The angular correlations are not sensitive to the parity of the initial state, even though different parities involve different values of the orbital angular momentum removed in the first decay. The predicted curves include the effects of the detector efficiency and resolution as modeled by the Monte Carlo simulations. To gauge the magnitude of the distortions introduced by the detector, the curves for j = 1/2 [Figs. 5(b) and 5(c)] correspond to uncorrelated decays, i.e., the primary distribution of the relative angle is isotropic, and thus the cos(θ pp ) distribution would be flat for a perfect detector. 
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where w 1/2 and w 3/2 are the correlations for pure j = 1/2 and 3/2 decay, α 1/2 and α 3/2 are their complex amplitudes, and w inter is the interference term. With
, we obtain an identical dependence to the J = 1, j = 3/2 curve in Fig. 5 (b) which fits the experimental data.
From a minimum χ 2 -plus-one analysis, the data are consistent with 0.04 |α 3/2 | 2 /|α 1/2 | 2 0.83 for J = 2. One can also consider mixing for the J = 1 case, where from a similar analysis we find very little mixing of j = 1/2 is allowed, i.e.,
0.004 at the 1σ level. In conclusion, from the angular correlation alone, we learn that the spin of this level is not J = 0, and different amounts of mixing are required for different assumed spins. This is summarized in Table II. The 5.22-MeV level is expected to be the analog of either the 0 + , 1 − , 2 − , or 2 + states in 10 Be, which are all separated from each other by less than 305 keV (Fig. 1) . The values of j and of the first emitted proton consistent with these spin values are listed in Table III . Now a 0 + state must be rejected as stated previously. For a 1 − state, the correlations imply that the first decay occurs predominantly by the emission of a j = 3/2, = 2 proton. This would be surprising, as such a state could also decay by emitting a j = 1/2, = 0 proton which has a lower centrifugal barrier. For a 2 − state, the correlations imply the first decay is a mixed j = 1/2, = 0 and j = 3/2, = 2 transition, whereas for a 2 + state, this decay contains an admixture of j = 1/2, = 1 and j = 3/2, = 1 emission. The latter seems most likely, as we are mixing decays with the same centrifugal barriers. Thus of these possibilities, the assignment of 2 + to this 5.22-MeV state is most likely.
In the database [14] , 10 C levels are listed at 5.22 ± 0.04 and 5.38 ± 0.07 MeV, and it is stated that "one of these two states is presumably a 2 + state." Evidence for a 2 + state comes from the ( 3 He,t) reaction at E * = 5.28 ± 0.06 MeV [20] ; from the (p,t) reaction at E * = 5.29 ± 0.06 MeV; and from the (p,n) reaction at 5.3 [21] and 5.2 ± 0.3 [22] MeV. In the present work, the state observed at 5. with the value of 225 ± 45 keV listed in the database. This width and the location of the higher 5.38-MeV state come from the ( 3 He,t) study of Schneider et al. [23] . This higher level may be associated with our 5.29-MeV level, although the listed width of 300 ± 60 keV is much larger than the 106 ± 11 value of this work. However, this higher energy level was not resolved from the 5.22-MeV peak in Ref. [23] , and the fitted width should be very sensitive to the assumed background.
Background-subtracted angular correlations for the 6.55-MeV state are shown in Fig. 6 . These experimental correlations are stronger than those obtained for the 5.22-MeV state in Fig. 5 . Again, the results are inconsistent with J = 0 as shown in Fig. 6(a) . In Fig. 6(b) , the J = 1 predictions with pure values of j are also inconsistent. A mixed J = 1 transition with j = 1/2 and 3/2 and α 1/2 = −α 3/2 can reproduce the data [dashed line in Fig. 6(b) ]. Based on the levels of the mirror nucleus 10 Be in Fig. 1 , the 6.55-MeV state is expected to be either 2 + or 3 − , making the J = 1 assignment less likely. For the higher values of J = 2 and 3, one can also reproduce the data with pure j = 3/2 and 5/2 values, respectively, as shown in Figs. 6(c) and 6(d). Mixed j solutions are also possible. For J = 2 + , with a large interference term, considerable mixing of j = 1/2 and 3/2 decays (both = 1) is consistent with the data as long as |α 1/2 | 2 /|α 3/2 | 2 < 2.25. For J = 3 − , mixing is also possible between j = 3/2 and 5/2 decays both of which are also = 2. We find |α 3/2 | 2 /|α 5/2 | 2 < 0.35 is consistent with the experimental data. Combining the current results with expectations from 10 Be, it is most likely that this state has J π = 2 + or 3 − .
Correlations for prompt two-proton decay
The states at 5.29 and 6.57 MeV, which decay to the 8 Be g.s. without passing through the long-lived 9 B g.s. intermediate level, are examples of prompt two-proton emitters. These states are not "true" two-proton emitters in the sense of Goldansky [24] , as there are 9 B intermediate states which are not energetically forbidden. In fact, for the 6.57-MeV peak, we have argued that it is a smaller decay branch of a state that decays mostly via sequential two-proton emission through the 9 B ground state. Possibly there is a minor sequential two-proton branch for the 5.29-MeV state that is not observed because it is obscured by the larger 5.22-MeV peak.
In addition, one may also consider a sequential decay scenario in which the emission of the first proton leaves the system in the first excited state of 9 B(E * ∼ 1.5 MeV). However, as the lifetime of this intermediate state is so short ( ∼ 1.2 MeV), the concept of sequential decay breaks down as the first proton will have traveled only an average distance of 4-5 fm before the second decay occurs. At the very least, final-state interactions between all three of the decay products (2p + 8 Be) should be considered. For the similar case of the two-proton decay of 6 Be g.s. where the 5 Li g.s. intermediate state is also short lived ( = 1.23 MeV), the correlations cannot be described by sequential decay but are reproduced by a three-body decay calculation [8, 25] .
The three-body decays are also interesting, as they probably represent prompt two-proton decay from cluster states. Of the possible 10 Be mirror states, we have assigned the 2 + state to the 5.22-MeV peak. This leaves either the 0 + , 1 − , or 2 − states for the 5.29-MeV peak. In the mirror nucleus 10 Be, these states have been associated with a strong cluster structure, with the neutrons occupying the π molecular orbits for the 0 + state and both the π and σ orbitals for the negative parity states [17] . The 0 + state in particular is predicted to have a very strong deformation [26] . The 6.57-MeV state most likely has J π = 2 + or 3 − , both of which are expected to be higher members of the rotational bands built on the 0 + or 1 − configurations, respectively [17] .
The energy and angular correlations between the particles produced in the decay can be described by the hyperspherical Jacobi vectors X and Y and their conjugate momenta k x and k y . There are two independent ways of defining the coordinates, which are referred to as the "T" and "Y" systems. These are illustrated in Fig. 7 , where the core (fragment 3 in the T system or fragment 2 in the Y system) is the 8 
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m i (i = 1, 2, and 3), the Jacobi coordinates are
Of the six degrees of freedom required to define the k x and k y distributions, three describe the Euler rotation of the decay plane and one is constrained from energy conservation. Thus the complete correlation information can be described by two variables, which we take as E x /E T and θ k , where E x is the energy associated with the X coordinate,
E T is the total three-body energy, and θ k is the angle between the Jacobi momenta,
For each event, there are two ways of labeling the two protons, and thus there are two possible values of the [E x /E T , cos(θ k )] coordinate, both of which are used to increment the correlation histograms. For the T system, this produces a symmetrization of the angular distributions about cos(θ k ) = 0. The two-dimensional correlation pictures in both the T and Y system for the 5.29-and 6.57-MeV peaks are shown in Figs. 8 and 10 , and the distributions projected on the angular and energy axes are illustrated in Figs. 9 and 11 , respectively. The results for the 6.57-MeV peak were obtained after a background subtraction using the neighboring regions on either side of the peak to estimate the background. The correlations for the 5.29-and 6.57-MeV peaks have significant differences, which will be highlighted later.
To interpret the experimental correlations, it is useful to compare the data with the predictions of some idealized decay scenarios. In the first of these, called the "phase-space" scenario, the decay randomly samples the three-body phase space following the prescription of Ref. [27] . No further interactions between the fragments are considered.
In the second "sequential" scenario, the decay proceeds sequentially through the wide first excited state of 9 B. Again, we do not consider any further interactions between the fragments produced in the different decay steps. From the mirror nucleus 9 Be, the first excited state of 9 B is expected to have spin 1/2 + , and thus a proton emission from this state to the J = 0 + 8 Be ground state will be = 0. Hence there should be no angular correlations between the two proton emission axes. The distribution of proton energies were taken from an R-matrix prescription given in Ref. [7] .
Finally we model the decay as a "diproton" emission following the R-matrix prescription of Ref. [28] . As the diproton is J = 0 + , its decay axis has no preferred direction, and thus the cos(θ k ) distribution in the T system should be flat. After the decay of the diproton, no interactions between the protons and the 8 Be fragment are considered. In all three scenarios, the effect of the detector bias and resolution are included via the Monte Carlo simulations.
The predictions of the phase-space, sequential, and diproton scenarios are shown by the solid, dotted, and dashed curves, respectively, in Figs. 9 and 11. The full two-dimensional distributions in the T system are displayed in Fig. 12 for the 5.29-MeV peak, and the corresponding distributions for the 6.57-MeV state are qualitatively similar. Let us start by concentrating on the results for the 5.29-MeV peak. The sequential and phase-space predictions are quite similar, and there is reasonable agreement between the data and these two predictions for the energy distribution in the T system [ Fig. 9(d) ] and, to a lesser extent, the angular distribution in the Y system [ Fig. 9(a) ]. However, the agreement between theory and experiment for the other distributions is much poorer. The diproton predictions are clearly inconsistent with all the projected experimental distributions in Fig. 9 .
These comparisons indicate that the decay of the 5.29-MeV state is more complex than these idealized scenarios. For instance, the presence of strong Coulomb interactions are manifested in the experimental correlations. The 8 Be core and one of the protons have the same velocity vectors when cos(θ k ) = ±1 and E x /E T = 0.545 in the T system. These In the regions of the T plot surrounding these points, there is a clear suppression of events, which can be attributed to Coulomb interactions between this proton and the core. In the Y system, the corresponding conditions are E x /E T = 0 and E x /E T = 1, the regions bordering the two-dimensional plot in Fig. 8(d) . Again we see a suppression of events in these regions due to Coulomb interactions. Of course in our idealized phase-space, sequential, and diproton predictions in Fig. 12 , this effect is absent, as the simulations did not include these interactions.
Similar Coulomb effects are also seen in the experimental correlations for 6 Be g.s. and 45 Fe g.s. decay in Refs. [29, 30] . Overall, the correlations for the 5.29-MeV peak are intermediate between these two cases. To illustrate this, a comparison of experimental angular distributions in the T system and energy distributions in the Y system for 6 Be, 10 C, and 45 Fe are made in Fig. 13 . For the energy distributions in the Y system, the Coulomb interactions suppress the edges of the distributions (E x /E T = 0, 1) and thus cause a bunching of the yield in the center.
Goldansky assumed that the probability for simultaneous subbarrier emission of two protons is governed by the product of the barrier penetration factors for each of the two protons [24] . This probability is maximized when the two protons have the same energy, and thus equal energy protons are expected on average, and the more subbarrier the emissions, the narrower the distribution of the proton energies about this 024306-8 average. Predictions from the three-body cluster decay model [31] are consistent with these expectations giving narrower energy distributions in the Y system with increasing Z of the nucleus.
If the two equal-energy protons are emitted in a diproton configuration, i.e., at the same angle, then in the Y system,
whereas if they are emitted in opposite directions,
where A core is the mass number of the core. These equations only differ by the sign of the second term; back-to-back configurations give values less than 1 2 and diproton configurations give values greater than 1 2 . For heavy systems, the second term is negligible, and thus only for light systems do we expect the centroid of the energy distributions in the Y system to be displaced significantly from the value 1 2 . This is most clearly seen for the 6 Be system where the centroid is 0.491 ± 0.003, indicating that back-to-back emissions are somewhat more probable than diproton-like emissions. This observation is also consistent with the angular distribution in the Y system [ Fig. 14(d) ], which is skewed toward positive cos(θ k ) values.
Comparisons between the experimental energy distributions in the T system and angular distributions in the Y system for the three nuclei are made in Fig. 14 . For each system, the corresponding angular and energy distributions all have the same shape and thus contain similar information about the nuclear structure. In core-p-p cluster calculations [8] , these distributions were found to have the largest dependence on the assumed core-p interaction.
The energy-angular correlations for the 6.57-MeV peak are quite different from those obtained for the 5.29-MeV peak. The phase-space and sequential simulations in this case do not give a reasonable description of the energy distribution in the T system [ Fig. 11(d) ] and the angular distribution in the Y system [ Fig. 11(a) ]. In contrast, the diproton simulation reproduces the strong enhancement for small relative energies between the protons which is visible in the T energy distribution of Fig. 11(d) . This simulation also correctly reproduces the strong enhancement on the Y angular distribution of Fig. 11 (a) near cos(θ K ) = −1. Both of these features were missing in the experimental 5.29-MeV results.
Diproton emission should give an isotropic angular distribution in the T system. In Figs. 13(d)-13(f) , a comparison of the angular distributions for 6 Be, 10 C, and 45 Fe two-proton decays indicates that the 6.57-MeV case is by far the most isotropic. Comparisons of the energy distribution in the Y systems for the two 10 C states in Fig. 13(b) confirms that the 6.57-MeV state has a larger width consistent with the reduced subbarrier nature of its decay.
The measured correlations thus suggest that the prompt two-proton decay of the 6.57-MeV state has a strong diproton character. However, there are features of the data not reproduced by the simple diproton model. The Coulomb suppressions observed for the lower energy state are also present for the 6.57-MeV state, albeit at a reduced level. The full correlation plots in Figs. 10(a) and 10(b) again show a suppression of events in the neighborhood of the star symbols. This smaller suppression is not surprising, as the fragment momenta are larger for the 6.57-MeV state reducing the effect of Coulomb repulsion. The reduced magnitude of this Coulomb suppression is also manifest in the wider energy distribution in the Y system. See Fig. 13(b) for a comparison of this distribution for the 5.29-and 6.57-MeV states.
Other 2 p + 2α studies
Curtis et al. [32] have also studied 10 C excited states through the detection of 2p + 2α events following the inelastic scattering of 10 C beams from a C target. The main difference from the present work is the higher beam energy of E/A = 30 MeV. Several similarities and differences exist between the current results and those of Curtis et Table I , the branching ratio for the prompt two-proton branch would be comparable to or larger than that for α + 6 Be, and the sequential two-proton branch would have a much larger yield. Given that the lower energy 5.31-MeV sequential two-proton state is clearly observed in the work of Curtis et al., it seems unlikely these higher energy peaks would have been missed. Therefore their absence in the data of Curtis et al. implies that the 6.56-MeV α + 6 Be peak is a state distinct from the 6.55-MeV two-proton-decay peaks.
Another difference between the two studies is that Curtis et al. did not observe the 5.29-MeV peak associated with prompt two-proton decay. However, they do report a peak at 4.2 MeV for p + 9 B g.s. decay which they assign J π = 0 + , but it does not appear in our data. Our simulated efficiency for the detection of such a state is 4%, comparable to the value obtained at E * = 5.22 MeV, and if such a level had been excited in the present study it should have been observed. From a theoretical point of view, Fortune and Sherr [33] and Barker [34] argue that the 0 + state should be above E * = 5.0, thus questioning the validity and/or the spin assignment of this peak.
Curtis et al. indicated that this purported 4.2-MeV state undergoes sequential two-proton decay through the 9 B g.s. ; thus from the predictions in Figs. 5(a) and 6(a), it is clear that there should be strong angular correlations between the protons if it is indeed a 0 + state. Thus the data of Curtis et al. could be used to test this and determine the validity of this peak and its spin assignment.
B. 9 B decay
The ground and excited states of 9 B decay to the p + 2α exit channel. The 2.345-MeV J = 5/2 − state of 9 B is unusual, as it is one of the few low-lying 9 B states that do not decay predominantly through the 8 Be ground state. Instead it is listed as decaying 99.5% of the time by α emission to the unstable 5 Li ground state [14] . This branching ratio comes from Ref. [35] , where the remaining 0.5% branch associated with p + 8 Be g.s. decay was also measured. However for the main branch, they could not differentiate between α + 5 Li g.s. decay and proton decay to the E * = 3.03 MeV, J = 2 + first excited state of 8 Be. The mirror state in 9 Be at 2.429 MeV is also reported to decay by α emission in Ref. [14] . In this case, it would decay to the unstable 5 He ground state producing the n + 2α final state. However, in some recent experiment work, Papka et al. claim that this state decays almost exclusively by n emission to the unstable first excited state of 8 Be [36] . The decay mechanism is of interest for deducing the α + α + n reaction rate in highenergy and neutron-rich astrophysical environments [37, 38] .
As protons can be detected more easily and with better resolution that neutrons, it is useful to look closely at the correlations in the present data from the 9 B(5/2 − ) state to determine the contributions from α + 5 Li g.s. and p + 8 Be 2 + decay. Although the decays of these mirror states have been described as sequential, in reality the 5 He g.s. , 5 Li g.s. , and 8 Be 2 + intermediate states are all very short-lived with decay widths of 0.648, 1.23, and 1.513 MeV, respectively, and thus these decays are more correctly described as three-body in nature.
To study this issue, an analysis was performed starting with events where two α particles and a proton were detected. Those events in which the two α-particle velocity vectors were consistent with 8 Be g.s. decay were discarded, thus eliminating all low-lying 9 B excited states except for the one at 2.345 MeV. The reconstructed 9 B excitation-energy distribution is shown in Fig. 15 and is very similar in shape to the spectrum in Fig. 2(d) obtained from 9 B fragments formed after proton decay of 10 C excited states. However, the yield from the p + 2α events is significantly larger here than that obtained in Fig. 2(d) . Many of the 2.345-MeV events from the p + 2α analysis likely arise from 10 C decays in which one of the protons was not detected. In addition, we expect contributions from 9 B projectile-like fragments formed after proton transfer to the target. Adjacent regions on each side of the peak were used for background subtraction in the correlation analysis. As before, the correlations are presented using the Jacobi T and Y coordinate systems except with a different labeling convention: particle 3 in the T system and particle 2 in the Y system, both labeled as the core in Fig. 7 , now refer to the proton. The remaining labels refer to the α particles. Thus E x in the T system is now the relative energy between the two α particles. Full correlation plots are displayed in Fig. 16 , and the projections on the energy and angular axes are shown in Fig. 17 . Simulations of sequential 9 B decay through the 5 Li g.s. and 8 Be 2 + intermediate states were performed. As before, no final-state interactions between the fragments were considered. The total kinetic energy E T is subdivided into E 1 and E 2 , the contributions emitted in the first and second decay steps, respectively (E 1 + E 2 = E T ). The distribution of E 1 is determined as
where the first factor is the penetrability factor for the emission of the first particle with orbital angular momentum 1 calculated from Ref. [39] with the channel radius 1.4(A 1/3
2 ). The second factor is the R-matrix description of the line shape of the intermediate state [39] , where E r is its resonance energy,
2 is the orbital angular momentum of the second decay, γ , and B were taken from Refs. [40] and [41] , respectively. The predicted distribution functions for E 1 are displayed in Fig. 18(a) .
For α decay to 5 Li g.s. , j 1 = 1 = 2 and the angular correlation in the 9 B frame between the two decay axes is 
The angle θ 12 is identical to θ k in the Jacobi T system for this decay. The distribution is normalized such that
and it is displayed as the solid curve in Fig. 18(b) . 
w inter (θ 12 ) = 1 + 3 cos(2θ 12 )
These angular correlations are displayed in Fig. 18(b) . The possible correlations range from isotropic (w 1/2 ) to a moderate enhancement at θ 12 = 90
• . The experimental correlations in Fig. 17(c) have a large ratio w(θ 12 = 90
• )/w(θ 12 ∼ 0 • , 180 • ). To reproduce this behavior, we choose α 1/2 = −0.333α 3/2 which maximizes that ratio in the p + 8 Be 2 + simulations. The simulated correlations in the Jacobi T system are displayed Fig. 19 and the projections are compared with the experimental data in Fig. 17 . For p + 8 Be 2 + decay, although the α coefficients were chosen to maximize the yield at θ 12 = 90
• in Fig. 17(c) , it was insufficient to reproduce the data. The predictions of this simulation also fail for the energy distributions in Figs. 17(b) and 17(d) .
On the other hand, the α + 5 Li g.s. decay simulation reproduces the experimental data quite well, except that it predicts wings or enhancements near θ 12 = 0
• , 180
• in the angular distribution in the both the T and Y systems [Figs. 17(a) and 17(c)] that can be traced to the w 2 angular correlation in Fig. 18(b) . These features are not present in the data. At these angles, one of the fragments produced in the second step of the simulation is directed toward the first emitted α particle. Such events would be strongly suppressed by Coulomb final-state interactions.
This result suggests that despite the large 5 Li g.s. width, the decay of the 2.345-MeV state still has a strong α + 5 Li g.s. sequential character. The corresponding mirror state in 9 Be would be expected to decay through the mirror channel α + 5 He g.s. , instead of through the n + 8 Be 2 + channel as reported by Papka et al. [36] . In addition, we note that although R-matrix calculations of the 9 B(5/2 − ) sequential decay predict α + 5 Li g.s. as the dominant channel, they significantly underestimate the total decay width by a factor of 4 or more [42] . Clearly a three-body decay theory is needed for a full description of this state. 6 Li as indicated in the α-α and d-α correlations displayed in Fig. 20 . Excitation-energy distributions gated on the different decay paths are shown in Fig. 21 .
The results of this work are similar to those of Leask et al. [43] , who observed the same 10 B decay channels following the 7 Li( 12 C, 10 B * ) 9 Be reaction. In this work, we have more events but poorer excitation-energy resolution. The α + 6 Li g.s. excitation-energy distribution, shown in Fig. 21(a) , is similar to the spectrum reported by Leask et al. The arrows in Fig. 21(a) indicate the energies of states that are strongly populated in α + 6 Li g.s. reactions and that were assigned to these peaks by Leask et al. The first peak is associated with the 4.774-MeV 3 + level. while the second peak may contain contributions from both the 5.11-MeV 2 − and 5.182-MeV 1 + levels. For the third peak, three levels (5.92-MeV 2 + , 6.02-MeV 4 + , and 6.13-MeV 3 − ) may contribute, while the forth peak can be associated with the 6.56-MeV state.
Of the channels observed, the p + 9 Be g.s. is the only channel consistent with isospin T = 1. Therefore, it is not surprising that the peaks observed for the p + 9 Be g.s. channel in Fig. 21 For the latter case, we found that the angular correlations between the purported decay steps were strongly asymmetric about cos θ = 0 and not consistent with sequential decay through the 6 Li 2.186 state. To remove these events from the α + 6 Li 2.186 distribution in Fig. 21(c) , we applied the extra condition that the α-α correlation was not consistent with 8 Be g.s. decay. The α + 6 Li 2.186 distribution shows two broad peaks which were fit with two Breit-Wigner line shapes convoluted with the predicted energy-dependent detector resolution. From the fit, indicated by the solid curve in Fig. 21(c) , we extract the level parameters E * = 8.06 ± 0.05 MeV ( = 379 ± 50 keV) and E * = 9.62 ± 0.06 ( = 240 ± 114 keV). The large uncertainty in the widths are due to the uncertainty in the background under these peaks (dashed curve). States at similar energies were observed by Leask et al. for which the consistent values of E * = 7.96 ± 0.07 ( = 285 ± 91 keV) and 9.58 ± 0.06 MeV ( = 257 ± 64 keV) were obtained. A peak at 7 MeV dominates the d + 8 Be g.s. distribution in Fig. 21(d) . This peak is consistent with the 7.004-MeV J = 3 − state.
D. 13 N decay
Evidence for states in 13 N is seen in the four-body final state p + 3α. An important source of these events appears to be α transfer reactions creating 14 O fragments that proton decay to 13 N. The evidence for 14 O fragments comes from the surprising number of 2p + 3α events detected given the low detection efficiency expected for this five-body channel.
The excitation-energy distributions from particle pairs and triplets of subevents shown in Fig. 22 Fig. 23(c) ] channels. These peaks have FWHM of approximately 420 keV, which is the predicted experimental resolution. These peaks could therefore be intrinsically quite narrow; however, from the statistical errors associated with the experimental widths, we obtain a limit of 300 keV for the intrinsic width. Using efficiencies determined with the Monte Carlo simulations, the branching ratios are 48% for p + 12 C 9.64 and 52% for α + 9 B g.s. . A state at E * = 13.5 MeV with ∼ 500 keV, J π = 3/2 + was observed in resonant proton scattering Ref. [44] , somewhat wider than the structure observed here at 13.65 MeV. An even wider ( ∼ 6500 keV) is reported by [45] but is probably unrelated to any structure in the present data. A previously unreported state at 16.66 MeV is observed in Fig. 23(b) , associated with α + 9 B 2.345 decay. The spectrum for the p + 12 C 7.65 channel in Fig. 23 (d) shows evidence of three peaks, which are labeled by the energies of three known 13 N levels [46] . Of the three peaks, the highest energy (11.53 MeV) state may be the most uncertain, as this peak is narrower than the experimental resolution of 300 keV. The widths of the other two peaks are consistent within the statistical error to the predicted resolution which is strongly energy dependent. The lowest energy peak at 10.36 MeV is consistent with a known doublet (5/2 − , 7/2 − ). Both levels are very narrow: = 30 and 60 keV, respectively. A state at E * = 10.83 MeV has previously been assigned spin 1/2 − in the database. From the p + 3α exit channel and the strong cluster nature of the intermediate states, one might expect the 13 N levels observed in this work to have a strong cluster structure. In the 13 C mirror nucleus, a number of rotational bands built on α-cluster configurations are predicted. These include positive and negative parity K = 3/2 bands associated with linear 3α chains, and oblate bands with the α particles arranged in an equilateral triangle [6] .
The 10.36-MeV 5/2 − state is the analog of a 10.818-MeV state in 13 C which is purported to be the second member of a K = 3/2 − band built on a linear α chain configuration [6] . Also, the analog of the 10.83-MeV state has been proposed as the bandhead of the K = 3/2 + band in 13 C, although its J π = 1/2 − spin assignment in the database is inconsistent with this assignment. Possibly the 13 N state we observed is not the listed 10.83-MeV J π = 1/2 − level but a near degenerate J = 3/2 + level or an 1/2 + state corresponding to an oblate configuration which is expected near this excitation energy [6] . The 13.65-and 16.66-MeV levels may be higher members of these rotational bands. The 13.65-MeV level is an excellent case for studying the angular correlations in order to deduce spin information, because, for both its decay branches, the intermediate states have nonzero spin. Unfortunately in the present work, the statistical errors due to the large background subtraction were too large to provide any information on the spin of this level.
Fujimura et al. [47] have made a detailed study of 13 N in a similar excitation-energy range using the ( 3 He,t) and ( 3 He,tp) reactions. However, apart from the 10.83-MeV state, the other states observed in the present work were not observed by Fujimura et al. This emphasizes the strong selectivity of the 3α + p final state that presumably enhances these cluster states, which are not as easily excited by exchange reactions.
IV. CONCLUSIONS
Particle-unstable states in light nuclei have been investigated in 10 C + Be, C collisions at E/A = 10.7 MeV. Excited states in 10 C were found that decay to the 2p + 2α exit channels via a number of decay paths. These levels include a 5. 22 decays. Strength is found for three decay paths at E * ( 10 C) ∼ 6.5 MeV. It is argued that there is a 6.55-MeV state with two branches, an 86% branch for sequential two-proton decay through the 9 B g.s. intermediate state and a 14% branch for prompt two-proton decay. In the latter, the three-body correlations have a strong "diproton-like" character. In addition, a separate state at 6.56 MeV undergoes α + 6 Be g.s. decay. Finally, we observe a wide state at 8.4 MeV that proton decays to the 2.345-MeV level of 9 B. For the states with proton decay branches to the ground state of 9 B, angular correlations between the first two sequential decay axes indicate that these states have nonzero spin.
The three-body decay of the 2.345-MeV state of 9 B was examined, and the correlations were approximately described by a sequential decay scenario initiated by α + 5 Li g.s. decay. This result is at odds with a sequential decay through the broad first excited state of 8 Be reported for the mirror state in 9 Be [36] .
Particle-unstable excited states are also seen in 10 B and 13 N nuclei. In 10 B, we have examined states observed by Leask et al. [43] , and we confirm the existence of the 8.06-and 9.61-MeV states which decay via the d + 6 Li 2.186 channel. In 13 N, we observed a number of new states that decay into the p + 3α channel. Given the exit channel and the intermediate states (7. 65-and 9.64-MeV excited states of 12 C and the ground state of 9 B) observed, these levels are expected to have a strong cluster structure.
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